Abstract-The Small Animal Radiation Research Platform (SARRP) is a novel and complete system capable of delivering multidirectional (focal), kilo-voltage radiation fields to targets in small animals under robotic control using cone-beam CT (CBCT) image guidance. The capability of the SARRP to deliver highly focused beams to multiple animal models provides new research opportunities that more realistically bridge laboratory research and clinical translation. This paper describes the design and operation of the SARRP for precise radiation delivery. Different delivery procedures are presented which enable the system to radiate through a series of points, representative of a complex shape. A particularly interesting case is shell dose irradiation, where the goal is to deliver a high dose of radiation to the shape surface, with minimal dose to the shape interior. The ability to deliver a dose shell allows mechanistic research of how a tumor interacts with its microenvironment to sustain its growth and lead to its resistance or recurrence.
I. INTRODUCTION
The deployment of advanced technologies and the translation of laboratory discoveries for human treatment must be supported by rigorous pre-clinical studies. Pre-clinical studies of new radiation treatment methods, however, have been difficult due to the technological disparity between the simple methods for laboratory animal irradiation and those for advanced human treatment. Recognition of this deficiency has led us [1] and other investigators [2] - [5] to develop specialized radiation delivery systems with a precision that is suitable for laboratory mice and rats. A common goal of these systems is to deliver irradiation to a localized region in the mouse. The scale of the problem can be appreciated when one considers that the brain of the mouse, for example, is approximately 1 cm wide and structures of interest within the brain are much smaller than that, often less than 1 mm in at least one dimension.
The SARRP is designed to deliver precision radiation beams as small as 0.5mm in diameter. It has computer controlled robotic translation and rotation stages that move an animal subject during radiation, and an x-ray tube mounted on a rotating gantry assembly that allows the user to direct a beam from various angles over a 120 • arc. The SARRP is equipped with a flat panel amorphous silicon detector for CBCT imaging, which is obtained by rotating the animal while acquiring multiple projection images.
One approach to treatment planning is to create a shell of dose around the cancerous tissue to disjoin it from its surrounding biological structures. This approach's main utility is to enable laboratory experiments to test the much disputed hypothesis that, at high doses, tumor control is driven by damage to the tumor vascular supply and not by damage to the tumor cells themselves. There is new evidence that bone marrow derived cells can reconstitute tumor blood vessels in mice after irradiation [6] . The main challenge in this approach is to create an appropriate dose shell that has enough strength to cut out the supplying blood-vessels. We introduce an approach, motivated by solid geometry, to create a dose shell. Creating a sphere from the intersection of cylinders is a well-known mathematical problem and it is shown that the intersection of a large enough number of cylinders is a sphere. Moreover, it has been shown that circumsolids (solid 3-D shapes that circumscribe spheres) could be generated from a class of building blocks, such as conical-faced shapes [7] . Finally, we introduce a routine to utilize the pencil beam to create the contours of a complex shape from different beams eye views, corresponding to different gantry angles. The routine is demonstrated by extracting and painting dose on the projection of the left lateral ventricle of a mouse brain. Figure 1 highlights the components of the second generation SARRP. The system comprises a constant-voltage, dualfocus (0.4 and 3 mm spot sizes), 225 kVp source mounted on a rotating isocentric gantry. The gantry is driven by a motor from 0 • at vertical to 120 • . The gantry isocenter is set at 35 cm from the x-ray focal spot. The motorized gantry improves the accuracy of the system over the manual gantry rotation (first generation SARRP [1] ) and provides a continuous motion of gantry over the 120 • arc. A set of robotic stages provides four degrees of freedom (x, y, z and a rotational motion), used in positioning the animal. The combination of gantry orientation and robotic stage motion facilitates the delivery of complex conformal dose distributions. A radiosurgery-like collimating "nozzle" system is employed to rigidly align with the x-ray source and output small radiation fields. Radiation beams with dimensions ranging from 0. 
II. MECHANICS

III. CALIBRATION OF DELIVERY BEAM
Radiation treatment is often delivered from multiple poses that are intended to intersect at a specified point (the isocenter). Using beams from multiple angles results in a confined dose distribution that limits dose to surrounding areas. With the SARRP, rotation about a target can be obtained via the rotary axis or the x-ray gantry. In reality, there is no single isocenter because the two axes of rotation do not (in general) intersect and even if they did, physical factors such as gravity loading on the mechanical structure would cause the x-ray beam to deviate from its ideal positions. Thus, xray beams delivered from multiple gantry angles will not intersect at a single point. One common solution is to find a single "best-fit" isocenter, but this approach does not yield sufficient accuracy for our system. Our solution is to make the isocenter a function of the gantry angle -as the gantry rotates, the robotic stages move the target so that it remains in the path of the radiation beam.
We developed a calibration procedure that uses an x-ray camera, mounted on the robotic stages, to determine the location of the beam axes for specific gantry angles, as described in [8] . Briefly, a collimator is attached so that the x-ray produces a bright spot on the camera image. To eliminate the requirement for camera calibration, we use visual servoing to move the robot stages until they center the x-ray spot at a specific pixel. The direction of the beam axis is determined by performing this procedure at two distinct regions of the workspace. Once the location of each beam axis is determined, the following least-squares estimation problem is solved to identify the point on each beam axis that is closest to the nominal isocenter:
where P(φ ) and D(φ ) are the (measured) point and direction vector that define the beam axis at the gantry angle φ , C is the (unknown) nominal isocenter, and s(φ ) is the (unknown) parameter that defines the point on the line that is closest to C. Thus, for each gantry angle φ , the gantry-specific isocenter is given by
The result of calibration is shown in Figure 2 . Seven distinct gantry positions are chosen for calibration and the isocenter for each position is found. The beam along each gantry angle and the corresponding isocenter is constructed digitally and depicted in Figure 2 -right. This figure shows that a single best-fit isocenter would not produce the submillimeter accuracy required for small animal experiments. Our calibration method is based on the premise that higher accuracy can be achieved by defining multiple isocenters and moving the robotic positioner to place the target at the appropriate isocenter. 
IV. IMAGE GUIDANCE SYSTEM
Several of the new small animal radiation systems are equipped with on-board CT guidance to facilitate precise positioning in repeat irradiation experiments [2] , [3] . Such capability parallels the on-line image guidance technologies in human treatment, including cone-beam CT (CBCT), which are supplanting the traditional reliance on custom immobilization devices to set up each patient. Clearly, onboard imaging is advantageous for human applications to monitor the inherent motion of the un-sedated patient, and in the case of CBCT, to provide information about soft tissue targets. CT-guidance is necessary to ensure high precision repeat irradiation even when the anesthetized animal is immobilized. As a corollary, on-board image guidance ensures accurate irradiation, alleviating the concern of inadequate animal immobilization.
On-board CBCT imaging is achieved by a 360 o rotation of the horizontal animal between the stationary x-ray source and a 20 cm x 20 cm flat-panel detector (Perkin Elmer, Santa Clara, CA). This approach was chosen as the most direct method to accommodate the robotic stages for positioning the animal for complex irradiation arrangements. The flat panel has 1024 × 1024 pixels and is placed at 17.5 cm The interface of the XVI software used for cone-beam CT reconstruction and visualization from the isocenter to attain an image magnification factor of 1.5, resulting in a pixel dimension of 0.13 mm × 0.13 mm at isocenter. Dark current and gain correction images are acquired prior to each imaging run and used to correct pixel intensities as each image is acquired. Figure 3 shows the configuration of the CBCT scanning orientation and the resultant 100 kVp image of a mouse. The CT imaging dose is less than 1 cGy using 100 kVp x-rays.
Aside from on-board cone-beam CT, the SARRP is equipped with a secondary imaging system. Oriented orthogonal to the flat-panel imaging system is a digital fluoroscopic camera box used for taking anterio-posterior (or vice versa) radiographs, to be potentially used in conjunction with lateral radiographs from the flat panel detector. This imaging capability was developed for experiments not requiring CBCTbased image guidance. Simple setup verification can be obtained from these orthogonal projection images.
Volumetric reconstruction is accomplished using filtered back projection [9] . The imaging software is the XVI platform from the Netherlands Cancer Institute (NKI) [10] . The interface is shown in Figure 4 . The marker in the sagittal image locates the target and the coordinates of that point are written to a file, which is then parsed by the SARRP software. Because the imaging coordinate system is registered to the robot coordinate system, the software can convert the CBCT coordinates of the target to robot coordinates, and subsequently command the robot to move the target to the isocenter.
V. DELIVERY PROCEDURES
Radiotherapy planning mainly addresses the calculation of the dose distribution at the target for a given treatment technique. Treatment set-ups are determined to optimize the beam configurations such that a specified dose distribution is delivered to the target volume. In general, a grid is superimposed on an image (e.g. CT) of a cross-section of the patient and the oncologist identifies the planning target volumes (PTV) and the organs at risk (OAR) [11] . For pixels in the PTVs the total deposited dose must be above a lower bound and for the pixels in the OARs the total deposited dose must be less than an upper bound. Since the contributed dose is a linear combination of the intensities carried by the individual beams, the problem of treatment planning becomes a linear feasibility problem.
A. Dose Painting Procedure
The dose painting procedure extends the functionality of the system by enabling it to radiate through a series of points, representative of a complex shape with large kinks and curvatures. Localized radiation to this complex trajectory path, allows for precise irradiation. As compared to whole tissue radiation therapy, dose painting will minimize radiation exposure to healthy surrounding tissue in an accurate and efficient manner. The SARRP's ability to deliver radiation from multiple gantry angles and at the same time moving the target with four degrees of freedom, enables the dose painting of 3-D targets while avoiding critical structures. Further details are reported in [12] .
B. Peripheral Dose Distribution
One of the theories of peripheral (shell) dose distribution is to preferentially deliver dose to the most critical biological region, the tumor periphery, where invasion and most rapid growth occurs. Relatively large tumors reach a stage where the radiation dose to the total tumor must be limited due to acute life threatening toxicity. The total volume integral dose to the tumor can be reduced if only the tumor periphery is irradiated to a high dose. The theory also proposes that eradicating viable vasculature at the periphery of a tumor will limit the growth potential of tumor cells at the tumor core.
Dose, like temperature, is a quantity that can be attached to each point of an irradiated body [13] . The principle underlying shell dose distribution is that the intensity map of the incident beam could be drawn over the shell of the target 3-D structure. We propose a treatment planning approach that is motivated by solid geometry. The intersection of two (or three) right circular cylinders of equal radii is called the Steinmetz solid. This solid is shown in Figure 5 . For two cylinders of radius r along the Z and X axes (the planes spanned by the XY and YZ robot stages), the surface area can be found as xds, where
This results in the total surface of the solid as 16r 2 . If we compare this value with the surface area of a sphere (4πr 2 ), the solid resembles a sphere with radius of √ π 2 r. By increasing the number of cylinders, the intersection is increasingly spherical; for example in Figure 6 the result of intersecting ten cylinders is shown.
The 3-D structure of a shell cannot be realized with solid cylinders. To create a spherical shell, the cylinders must be hollow. The proposed method of creating a hollow cylinder is to use the pencil beam of the SARRP to trace the points on the surface of the cylinder. This is feasible because the SARRP has five degrees of freedom. The path for the beam is simply given by the equations of a 2-D circle in 3-D:
and by moving the robot X, Y and Z stages, the beam will paint the surface of a cylinder. For other gantry angles the equation should be transformed to the corresponding plane. In this method, the size of the sphere is limited by the stages' range of motion, which are designed to consider the requirements of small animal radiation. The output dose of the system is a direct function of the collimator and the robot speed. For a 1 mm pencil beam, the output dose is measured to be 2 Gy/min.
VI. RESULTS
Gafchromic EBT film (International Specialty Products, Wayne, NJ) is used for dosimetric measurements. It has been shown that EBT film is ideal for two-dimensional (2-D) dose measurements at lower energies because of its energy independence and high sensitivity [14] . These films are composed of radiation sensitive polymers that cross link when exposed to radiation, visually appearing as dark spots on the film. For dosimetry measurements, EBT films are scanned three times pre and post radiation and uploaded into a Matlab program for calculation of the dose distribution across the film. The program subtracts pre irradiation films Fig. 7 . The phantom consisting of a stack of EBT films used to illustrate the intersection of a dose shell and a plane (EBT films) -left , and intersections of the EBT film planes and the spherical dose shell with different radii and the corresponding dose images -right from the post irradiation scans, and converts pixel values to dose via a calibration curve established with a 60 Co source. To simulate realistic testing conditions, the films are sandwiched between 1 mm-thick tiles of Acrylic plastic (a better choice is water-equivalent plastic), as shown in Figure 7 -left.
To be able to target a full circular shell, beams are delivered to the film phantom from the seven gantry angles when the rotary stage is at 0 • and 180 • . The results indicated that a 1 mm beam produced a well-defined shell, where the maximum dose is delivered to the perimeter, Figure 7 right. The area inside the shell received no dose. All beams overlapped over the edge of the shell and created a circular shape receiving a maximum dose of 249.8 cGy in 4 min. The beam was hardened by a 0.25 mm Cu filter and the source to surface distance (SSD) was 35 cm. More precise contours can be generated using smaller size beams (e.g. 0.5 mm), however the effective dose will drop sharply. Output dose may be increased by decreasing beam filtration or by decreasing the SSD.
The procedure in the previous section is extended to create contours of different organ shapes, such as a mouse brain. The 3-D structure of interest is first defined in Pinnacle [15] 1 . MR/CT scans of the mouse brain are used to identify the 3-D structure in each slice, which is then contoured. These contours are combined to create a 3-D triangular mesh, which represents all surface and volumetric features of the structure. Pinnacle can visualize 3-D mesh objects from a beams eye view (BEV), and use this facility to project a 2-D shape corresponding to a particular gantry angle, as shown in Figure 8 . The software uses the projection to create a "blocking mask" which can be written to an ASCII file. Once this beam shape is defined and extracted, it must be converted into a trajectory that can be executed by the robot. This path is stored in an ASCII file, and loaded by the robot software, which navigates sequentially to each point using the robotic motion functions. The contour generated from the cutting algorithm is represented on the XY plane, but in order to dose paint on the SARRP, it must be aligned perpendicular to the gantry angle of interest using coordinate transformations. Figure 9 shows projection contours of the left lateral ventricle from multiple beams eye views and validation films showing contours with 0.5 mm collimators. The intersection of the contours from different gantry angles creates the 3-D mesh structure of the ventricle.
VII. DISCUSSION AND FUTURE WORK
The ability to deliver a dose shell allows mechanistic research of how a tumor interacts with its microenvironment to sustain its growth and/or lead to its resistance or recurrence. Clinically, it is also important to recognize that, in addition to the bulk tumor, its microenvironment is also a biological target. With dose shells, one can study how large is the biological target of the microenvironment, and how much dose is needed to have a therapeutic effect. It is possible that such a strategy allows the control of a tumor with considerably lower dose. The case in point is radiation surgery of brain tumors, where the entire tumor is irradiated. The standard practice is to give lower dose for larger tumors due to concerns about the large integral dose to the brain. Our current approach to treat these large tumors is a losing proposition to begin with.
Shell dosimetry is also of interest to study the effect of radiation on neurogenic stem cells. These stems cells can play a role in repairing cognitive functions damaged by radiation therapy. They reside in a small niche surface of the mouse ventricles, a generalized form of shell. The ability to irradiate these shell type target regions while limiting dose to other regions would be highly desirable to study dose response of the stem cells, their transformation and their migratory paths, uncomplicated by the damage to the surrounding regions. Note that these studies cannot be performed in humans. The hypotheses must be tested in pre-clinical animal studies before translating to human applications.
In this paper, we presented a novel system for small animal radiation with advanced imaging and irradiation capabilities that mimics methods employed in modern human treatment. Moreover, we introduced a procedure that enables the SARRP to create a dose shell on phantom films from multiple gantry angles. By directing the 1 mm pencil beam at each of 7 gantry angles from vertical to horizontal, 19 right circular dose cylinders were delivered by a combination of translation (x,y,z) stages and rotation (0 • , 90 • , 180 • ) stage. The intersection of these open cylindrical dose shells formed a 1 mm wide "closed" spherical dose shell with a diameter of 8mm. Upon creating the shell, therapeutic dose surrounds the target volume and disrupts the blood supply to the tumor. As compared to whole tissue radiation therapy, shell dose distribution can minimize the total amount and time of radiation exposure.
The future work will be aimed at creating more complex shells. At this moment, we are able to create any contour for different organ shapes using the SARRP. The exact shape of the intersection mesh is a subject of further research. We are considering a transparent gel phantom to better illustrate the contours and their intersections. Gel dosimetry is commonly used to optically measure the shape of dose and scanned in 3-D to extract quantitative dose. Small animal experiments will be performed to study, validate and quantify the procedure.
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